The aim of this study was to investigate the performance of horizontal subsurface flow constructed wetlands planted with Typha latifolia treating tannery wastewater under long-term operation. Two expanded clay aggregates (Filtralite Ò MR3-8-FMR and Filtralite Ò NR3-8-FNR) and a fine gravel-FG were used as substrate for the constructed wetland units plus one unit with FMR was left as an unvegetated control. The systems were subject to three hydraulic loadings, 18, 8 and 6 cm d À1 , and to periods of interruption in the feed. The relationship between the substrate, plant development and removal efficiency, especially of organic matter, was investigated. Organic loadings up to 1800 kg BOD 5 , respectively. The three different substrates were adequate for the establishment of T. latifolia, although the clay aggregates allowed for higher plant propagation levels. The units with FNR and FMR achieved significantly higher COD and BOD 5 removal when compared to the FG and to the unplanted units. The systems proved to be tolerant to high organic loadings and to interruptions in feed suggesting this technology as a viable option for the biological treatment of tannery wastewater.
According to INETI (2000) the wastewater originated from the tannery industry is the main environmental problem in this sector in Portugal, due to the complex effluent composition, which is characterized by high organic and inorganic contents. An integrated water management is crucial for the sustainable development of the sector due to its high water consumption level.
Constructed wetlands (CWs) are a feasible technology for the treatment of tannery wastewater as an alternative to conventional biological systems (Daniels, 2001; Kucuk et al., 2003; Calheiros et al., 2007) . When designing and effectively applying CWs in the field, several good practice guidelines should be taken into account (Korkusuz, 2005) . A CW, in a simplified way, consists of a properly designed basin that contains water, a substrate and plants, which may be manipulated to some extent to provide an adequate performance and treatment efficiency (USEPA, 1995) . The materials, such as the substrate, liner and plant species, should be chosen in a way that the costs of the system are kept low, and the use of local products should be encouraged. Using indigenous plant species prevents undesired impacts, and selecting a plant species that has proven tolerance to a certain wastewater will be a cautious option. Typha latifolia and Phragmites australis have been established effectively in CWs receiving tannery wastewater (Calheiros et al., 2007) .
Introduction
The choice of substrate in CWs is of major importance as it serves as the support of the living organisms and provides storage for many contaminants. Its permeability affects the wastewater flow through the CW, and it is where chemical and biological transformations, by microorganisms and plants, occur (USEPA, 1995) . The substrates can be natural, such as gravel, sand and organic materials including compost and waste material (USEPA, 1995; Korkusuz, 2005) . Typical effective sizes of the media for subsurface flow CWs vary between 2 and 128 mm and porosity varies between 28% and 45% (USEPA, 2000) . A porous media may be an interesting option since it provides greater surface area for treatment contact and for biofilm development.
In this study the treatment of tannery wastewater by T. latifolia CWs, established in different substrates, Filtralite Ò NR3-8, Filtralite Ò MR3-8 and fine gravel, was evaluated. The systems were subject to different hydraulic conditions and interruptions in feed. The enzymatic and physiological response of T. latifolia to the tannery wastewater was assessed through its peroxidase activity (POD) and chlorophyll content. The relation between substrate, plant development and the constructed wetland pilot units (CWUs) performance was investigated.
The monitoring of three planted CWUs and one unvegetated unit (Uc) was undertaken in a site located at the wastewater treatment plant of a leather company in the North of Portugal. The set up conditions for these units were similar to what was described previously in Calheiros et al. (2007) . The macrophyte used was T. latifolia (in a range of 10 plants m À2 ), which was transplanted from an industrial polluted site in Estarreja, Portugal (Oliveira et al., 2001) . The aggregates used to fill the CWUs were: Filtralite Ò MR3-8 (FMR) and Filtralite Ò NR3-8 (FNR) with particle size ranging from 3 to 8 mm (from maxitArgilas Expandidas, SA -Portugal), and fine gravel -AGH 4-8 (FG) with particle size ranging from 4 to 8 mm (from Areipor -Areias Portuguesas, Lda -Portugal). The substrates used in the units were analyzed for porosity (Tan, 1995) .
The unit with FMR (U1) and the unvegetated unit (Uc) had been in operation for 17 months under two hydraulic regimes, 3 and 6 cm d À1 (Calheiros et al., 2007) . The units with FNR (U3) and FG (U2) were filled with water and after three weeks the tannery wastewater was applied. After that, the systems operated for 31 months under different hydraulic conditions and interruptions in feed. During 2 months (corresponding to days 1-61), the systems were monitored under a hydraulic loading rate (HLR) of 18 cm d À1 . By the 3rd month (between days 62 and 85), the systems were not fed due to the shutdown of the tannery production plant. A second period of operation occurred subsequently during 23 months (corresponding to days 86-760) under a HLR of 6 cm d À1 . The wastewater supply was stopped twice, corresponding to the periods between 372 and 399 days and between 428 and 455 days. By day 479 a prune was made leaving around 10 cm of aboveground plant material. A third period of operation occurred during 6 months (corresponding to days 761-928) under a HLR of 8 cm d
À1 , and the systems were not fed due to the shutdown of the tannery production plant by the second month within that period (corresponding to days 792 and 826).
Equilibrium adsorption isotherms were performed on the three substrates used to fill the units. The substrates FMR, FNR and FG were previously washed with deionised water and dried in an oven at 40°C for 4 days. The adsorption of organic matter to the substrates was determined by incubating a series of 100 ml acid-washed glass bottles containing 10 g of substrate with 50 ml of tannery wastewater at different concentrations. The wastewater concentration ranged from 50 to 903 mg COD L À1 , corresponding to 5%, 20%, 50%, 75% and 100% tannery wastewater content. Dilutions were made with deionised water. Three replicates were carried out for each concentration. A control containing the substrate and a volume of deionised water equal to the test solutions was used. The chemical oxygen demand (COD) was determined based on Standard Methods (APHA, 1998) using the Colorimetric Method -Closed Reflux. The bottles were sealed with rubber caps and placed in a rotatory shaker at 150 rpm and 25°C. The adsorption of organic matter to the substrate was monitored after a 72 h period, since preliminary studies indicated that this contact time period was sufficient to achieve adsorption equilibrium.
Macrophyte number and height (starting from the substrate level) were registered periodically. For that the CWUs were divided in four zones -A and C corresponded to the inlet and outlet zone, respectively, and B and D corresponded to the middle-left and middle-right side of the CWUs (inlet reference point) -and three plants were marked in each zone. They were visually inspected, on a periodical basis, for toxicity signs, such as chlorosis, necrosis and malformed plants.
POD was determined on root samples of T. latifolia, collected at the inlet and outlet of the CWUs and immediately frozen in liquid nitrogen. The experimental procedure described in USEPA (1994) for plant peroxidase activity determination was followed with three replicates. One gram of fresh plant tissue was ground with a calcium chloride solution. The crude extract was added to an assay For chlorophyll analysis, fresh circular discs from mature leafs of plants collected at the inlet and outlet of the CWUs were cut with a 10.5 mm corer, and were extracted in N,N 0 -dimethylformamide. Chlorophyll a and b content was determined according to Wellburn (1994) .
Wastewater samples were periodically taken at the inlet and outlet of the CWUs and the following parameters were determined based on Standard Methods (APHA, 1998): pH, color (spectrophotometric method), COD (closed reflux, Titrimetric method), biochemical oxygen demand (BOD 5 ; 5-day BOD test), total suspended solids (TSS; total solids dried at 103-105°C method), Kjeldahl nitrogen (TKN; Kjeldahl Method), nitrate nitrogen (NO À 3 -N; nitrate electrode method), ammonia nitrogen (NH 3 -N; phenate method), total phosphorus (total P; manual digestion and flow injection analysis for total phosphorus), total chromium (total Cr; nitric acid digestion followed by the colorimetric method) and hexavalent chromium (Cr(VI); colorimetric method). The sulfates determination (SO 2À 4 ; turbidimetric method) was done based on Association of Official Analytical Chemists (AOAC, 1995) . The analysis were done immediately after sample collection, otherwise were properly stored. The temperature was measured at the inlet, outlet and 15 cm below the surface of the CWUs, using a thermometer. The dissolved oxygen (DO), conductivity and salinity (Sal.) were registered with a WTW handheld multi-parameter instrument 340i at the inlet and outlet of the units.
Statistical analysis was performed using the software SPSS (SPSS Inc., Chicago, IL, USA; Version 12.0). The data were analyzed through one-way analysis of variance (ANOVA) to compare the performance of each bed concerning the removal of COD, BOD 5 , TSS, color, TKN, NH 3 and SO 2À 4 . The plant parameters were also analyzed through ANOVA to compare inlet and outlet CWUs material. Student's t-test was applied in the chlorophyll analyses. To detect the statistical significance of differences (p < 0.05) between means of observation, the Duncan test was performed. When applicable, values were presented as the mean ± standard error.
In this study, three CWUs planted with T. latifolia in different substrates and an unvegetated bed were subject to real tannery wastewater under three different HLRs.
The development of the plants was monitored and the CWUs performance in terms of removal of contaminants was evaluated.
Data on the adsorption of organic matter, represented by COD, on the three substrates, were generated from the equilibrium concentration of the adsorbate that ranged from 0 to 750 mg L À1 . The amount of adsorbate adsorbed per unit of the adsorbent was up to 2.26 mg g À1 for substrate FNR, 1.20 mg g À1 for FMR and 0.74 mg g
À1
for FG. The adsorption equilibrium data were correlated with three adsorption isotherm models. The two parameter models, Freundlich and Langmuir (Doran, 1995) , and the three parameter model, Redlich-Peterson (Redlich and Peterson, 1959) , were analyzed using the Experimental Design package of STATISTICATM v 6.0 (Statsoft Ò , Tulsa, OK, USA). The Levenberg-Marquardt algorithm for the least squares function minimization was used. The Freundlich model was the one that fitted better the data concerning the organic matter adsorption capacity by each substrate. The statistical indicators of the quality of the regression, coefficient of determination (R 2 ) and the mean square error (MSE, i.e. the sum of squares of residuals divided by the corresponding degrees of freedom) were obtained directly from the software. The precision of the estimated parameters was also evaluated by the standardized half width (SHW), which was defined as the ratio between the 95% standard error and the value of the estimate (Table 1 ).
The model is described by the following equation:
where C e is the equilibrium liquid phase solute concentration (mg L À1 ) and q e is the amount of adsorbate adsorbed per unit weight of adsorbent (mg g À1 ). Parameters K and n are Freundlich constants, whereby K is a measure of the adsorption capacity and n a measure of the adsorption intensity. Values of n higher than 1 show, in most cases, beneficial adsorption, if n < 1 then adsorption is unfavorable (Doran, 1995; Annadurai et al., 2000) . The higher Freundlich n constant obtained was for FNR substrate with 1.09, followed by FMR and FG, although these values were lower than 1. The K parameter value, which is an indi- Evaluation of the quality of the regression on the basis of mean square error (MSE) and R 2 . Precision of the estimated parameters evaluated using half with (SHW).
Chlorophyll content
Physico-chemical analysis
Data analysis

Results
Adsorption isotherms
cator of the sorption capacity (Annadurai et al., 2000) , was higher for FNR, followed by FMR and FG.
The porosity is an important characteristic of the substrate and may affect several phenomena such adsorption of substances and movement of water and air within the medium. In this study, the substrates porosity is 37% for FMR, 43% for FNR and 29% for FG.
The growth of the plants was monitored during the operation of the CWUs. The plant propagation in terms of the total number of shoots is shown in Fig. 1 . When the tannery wastewater was initially supplied to the CWUs, at a HLR of 18 cm d À1 , the total number of shoots was 28 for U1, 16 for U3 and 16 for U2. By the end of the experiment, at day 928, the total number of shoots was 56 in U1, 51 in U3 and 13 in U2.
ANOVA one-way was performed to compare the number of shoots between units before each HLR regime (the last five countings before the HLR alteration were considered). For an HLR of 8 and 6 cm d À1 a significantly lower number of shoots was registered for the gravel unit U2 compared with the clay aggregate units U1 and U3.
The differences in the number of T. latifolia shoots between zones A, B, C and D, along the whole operation of the CWUs, were notorious. In zone A, corresponding to the inlet of the CWUs, lower shoot countings were observed. In the FNR and FG units, at the beginning of the experiment, the shoots were equally divided in each zone while at the end zone A, B, C and D presented 8, 12, 17 and 14 shoots, respectively, in U3 and 0, 2, 5 and 6, respectively, in U2. The U1 unit presented 2, 23, 19 and 12 for zone A, B, C and D respectively, having started with 3, 8, 8 and 6 respectively.
The height of the plants along the CWUs operation is shown in Fig. 1 . The decrease in the height of some plants corresponds to the decay of dry leaves. Oscillations concerning the number of shoots and height of the plants were registered during the long-term operation of the systems.
The plants did not visually show signs of phytotoxicity in the leaves and shoots, although their height was lower than plants occurring in the origin environment. In the warmer periods (spring/summer) the presence of aphids and plant insects that secret a white frothy as a result of sucking sap and other nutrients from the plant was observed, although no control measure was necessary to take. Occasionally garden spiders (Araneus diadematus) were seen.
The POD of T. latifolia roots growing on the three substrates is presented in Table 2 . No significant differences between the units and between the inlet and outlet of each unit were detected. No significant differences were observed for chlorophyll pigments extracted from the leaves of T. latifolia, by the 12th month of operation, between units and between the inlet and outlet of FMR, FNR and FG CWUs ( Table 2) . The second determination, at the 25th month of operation, was also undertaken in summer time but most of the plant leaves were dry. Only a comparison between the inlet and outlet of U3 was possible. There were no significant differences between inlet and outlet for chlorophyll a and b.
The characteristics of the tannery wastewater corresponding to the three different HLRs are presented in Tables 3-5 , showing its variability in the inlet and outlet of the CWUs and between the different hydraulic conditions tested.
Wastewater inlet pH throughout the CWUs operation varied between 4.43 and 8.46 and at the outlet ranged from 7.00 and 8.93. Concerning conductivity, the inlet values varied between 4.74 and 10.05 mS cm À1 . At the outlet, conductivity varied between 4.04 and 10.12 mS cm À1 . The and between 44% and 82% for 6 cm d À1 . For each HLR applied there was a significantly higher COD percentage removal for U1 and U3 in relation to U2 and Uc, although for 18 cm d À1 the U1 had a significantly higher percentage removal than U3. Fig. 2 shows, as an example, the pattern of COD removal in the U1 unit during the system operation at three HLRs and through the interruption in the feed. The COD removal efficiency was always resumed after the starvation periods. No significant differences between the COD removal efficiency in Spring/Summer (April-September) and Autumn/Winter (October-March) periods were found. Concerning the temperatures registered in the center of the units, 15 cm below the surface, when the samples collection took place, it varied between 3.1 and 29.0°C. The inlet and outlet wastewater temperature varied between 5.0 and 28.9°C. In Fig. 2 the air temperature is presented.
The BOD 5 inlet concentration for the three HLRs varied between 420 and 1000 mg L À1 . The removal efficiency in the U1 varied between 28% and 36% for 18 cm d À1 , (Fig. 3) . A linear correlation was established between mass loading and mass removal. For the three HLRs the unvegetated unit had always a significantly lower COD mass removal when compared to the expanded clay units (U1 and U3) and showed no significant differences when compared to the FG unit (U2). When comparing the FG unit with the expanded clay units (U1 and U3) the mass removal was always lower except for the HLR of 6 cm d À1 , for which no significant differences were found between the FG unit and that of U3. For BOD 5 the unvegetated unit showed, as for COD, a significant lower mass removal when compared to the expanded clay aggregates (U1 and U3), except for the HLR of 8 cm d
À1 for which no significant differences. When comparing the FG unit (U2) with the expanded clay units (U1 and U3) the mass removal was significantly lower for a HLR of 6 cm d À1 . For a HLR of 18 cm d À1 there were no significant differences between U2 and U3.
Concerning TSS removal, significant differences were found between the Uc and the other CWUs. . The TKN removal efficiency varied between 20% and 44% for U1, between 12% and 45% for Uc, between 20% and 55% for U2 and between 20% and 52% for U3. When comparing this parameter between units there were significant differences between U3 and the other units. There were no significant differences between U2 and U1 and between Uc and U1. The NH 3 removal efficiency varied between 24% and 51% for U1, between 14% and 42% for Uc, between 17% and 49% for U2 and between 21% and 51% for U3. Significant differences were found between Uc, U1 and U3. U2 was not significant different from Uc and from U1. U3 was not significant different from U1.
For SO 2À 4 removal no significant differences were found between the CWUs. The SO 2À 4 inlet concentration for the three HLRs varied between 78 and 2206 mg L À1 . The removal efficiency varied between 6% and 37% for 18 cm d À1 , between 28% and 48% for 8 cm d À1 , and between 9% and 67% for 6 cm d À1 . Phosphorus and chromium (total and hexavalent) were only detected at lower concentrations at the inlet and outlet of the CWUs.
In this study, the capacity of two expanded clay aggregates and a fine gravel to adsorb organic matter were evaluated through the determination of the respective isotherm. The equilibrium adsorption isotherm is important because the adsorption capacity of an adsorbent may play a relevant role in a wastewater treatment system. The Freundlich isotherm was the best fit model, for the three substrates, when compared to Langmuir and Redlich-Peterson models. The Freundlich isotherm is used in liquid-solid systems for heterogeneous surface energies systems and different particle sizes (Doran, 1995; Annadurai et al., 2000) . The low adsorption capacity of the substrates may indicate that the organic reduction in the wastewater passing through the CWUs is due, in a substantial part, to biological degradation.
In the present study, removal of organic matter through adsorption onto these substrates was evaluated, however adsorption studies for nitrogen (Namorado et al., 2004) and phosphorus (Lisboa et al., 2004) have already been undertaken. Namorado et al. (2004) concluded that for FMR and FNR there was no removal by adsorption or other physico-chemical process when a solution of ammonium nitrate (with a equivalent concentration of 112 mg L À1 of nitrates and 50.6 mg L À1 of total nitrogen) was used and Lisboa et al. (2004) concluded that for FNR there was no significant removal of phosphorus but for FMR the average removal was 1040 mg P kg À1 of clay, when a solution of phosphate (200 ppm) was used.
Each substrate has different characteristics in terms of porosity. According to FAO (2006) classification it is considered that FMR and FG have a high porosity, because is between 15% and 40%, and FNR is considered to have a very high porosity (higher than 40%).
T. latifolia developed and propagated in all the three substrates tested, although with greater success in the
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Development and characteristics of T. latifolia plants expanded clay aggregates. In general in the winter months a slightly decrease in the number of shoots was verified and an increase in the growth of the plants was more notorious in spring/summer period. This plant has been found to be tolerant to water level fluctuations, perennial flooding, anaerobic conditions and has been shown to adapt to different substrates, such as fine medium and coarse soil (Kirkpatrick, 2004; USDA, 2006) . Calheiros et al. (2007) reported that this plant species together with P. australis were the plants better established in FMR, in terms of survival and propagation, when compared to Iris pseudacorus, Canna indica and Stenotaphrum secundatum. The plants near the inlet of CWUs, where the organic loading was higher, were reduced in number when compared to the whole area. Shepherd et al. (2001) described the same phenomenon when treating high-strength winery wastewater with CWs.
Peroxidases are a family of isozymes found in plants and its activity may be affected by several abiotic and biotic stressors (Yoshida et al., 2003) . A large group of peroxidase enzymes are considered to be part of the general defense mechanisms in plants (Markkola et al., 2002) and thus regarded as a defense metabolic activity against stress (Klar et al., 2006) , the roots of T. latifolia in each CWU were analyzed for POD activity. The fact that no significant differences were found between the CWUs suggests that they were facing similar stress conditions, regardless of the substrate used in the units. However, it would have been interesting to follow its variations when the hydraulic conditions were changed.
Chlorophyll content is useful to study the effects of environmental stresses on plant since this pigment is linked to the visual symptoms and photosynthetic plant productivity (Gupta and Sinha, 2007) . In this study there were no significant differences between units and from the inlet to the outlet of the U1, U2 and U3, suggesting that T. latifolia plants were reacting similarly to the imposed conditions.
In general plants are relatively tolerant during germination but become more sensitive during emergence and early seedling stages of growth. The excess salinity within the plant root zone has a general deleterious effect on plant growth (Rhoades et al., 1992) . Moreover, the conductivity of a substrate affects the ability of plants and microbes to process the waste material flowing in to the CW (USEPA, 1995) . In this study, the inlet and outlet wastewater from the CWUs is considered moderately saline, based on Rhoades et al. (1992) , and the three substrates are considered not salty (FAO, 2006) . T. latifolia is characterized to have a low to high salinity tolerance (range that encompasses <4 mS cm À1 to <9 mS cm À1 ) (Kirkpatrick, 2004; USDA, 2006) . These two parameters do not alone contribute to inhibition or restriction of the plant development. Concerning the inlet wastewater pH it is within the optimum range (3.0-8.5) for T. latifolia (USEPA, 1995). According to USEPA (1995) the pH of the substrate affects the availability and retention of heavy metals and nutrients and should be generally between 6.5 and 8.5. In this case the pH of the substrate acquired was 9.75 for FMR (Calheiros et al., 2007) , 8.90 for FNR and 6.97 for FG (data not shown).
The DO in this tannery wastewater was consistently low, as was the DO of the wastewater coming from the outlet of the CWUs. Since the influent has high levels of oxygen demand this scenario was expected. Vymazal and Kröpfe-lová (2006) stated that the outlet DO concentration of horizontal CWs provided little information about the processes occurring within the plant beds and the amount of DO entering in the beds forms only a negligible portion of the DO consumed in the beds. The low DO at the CWUs outlet can be explained by the fact that the horizontal subsurface flow system contain virtually no free oxygen as they are considered as anoxic or anaerobic systems if operating in a continuous mode (Kadlec et al., 2000; Vymazal and Krö pfelová, 2006) . Also, when the substrate is flooded the oxygen present will be promptly consumed by microbial respiration and chemical oxidation (Kadlec et al., 2000) . The oxygen required for aerobic degradation is supplied from atmosphere by diffusion into the vegetated beds and by oxygen release from the macrophyte roots (Kadlec et al., 2000; Vymazal, 2001; Stein and Hook, 2005; Vymazal and Kröpfelová, 2006) . Bendix et al. (1994) reported an effective aeration system based on internal gas transport in T. latifolia that occurs mainly via pressurized convective throughflow of gases.
The high color removal achieved in the CWUs (up to 84% from a range between 132 and 610 Pt/Co) is comparable with the performance of a cattail unit used for dye-rich wastewater treatment (laboratory prepared) where an average of 72% removal was achieved for mean inlet concentration of 100 Pt/Co (Mbuligwe, 2005) . Although in the present study there were no significant differences for planted and unplanted units, Mbuligwe (2005) reported statistically better performance in color removal for planted units when compared to unplanted units, filled with river sand. Yoo et al. (2001) inferred about the effectiveness of decolorization through sulfate reducing bacteria (SRB) in anaerobic bacterial systems with sulfate. This may happen, according to this author, since the sulfide produced via sulfate respiration by SRB chemically decolorizes azo dyes. In the present study, the inlet sulfate concentration is considered high, up to 2206 mg L À1 , and the reduction occurred up to 67%. Under anaerobic conditions the reduction of sulfate produces hydrogen sulfide that can be detected by ''rotten egg" smell (Mbuligwe, 2005) . During the trial this smell was often noticed when the sample collection was made.
The CWUs with FNR and FMR presented significant higher COD percentage removal when compared to the FG and to the unplanted unit, Uc, for the three hydraulic regimes. This difference was registered from the beginning and was maintained through the long-term operation. The fact that in the first hydraulic regime the percentage removal in the U1 was significant higher than in the U3 is most probably due to the fact that the U1 unit had been subject to tannery wastewater previously and was a more mature bed. The U1 and U3 outperformed the unplanted unit, in terms of COD removal, by 4-34% and 6-28%, respectively. Calheiros et al. (2007) had found no significant differences in COD removal between planted (I. pseudocarus, S. secundatum, T. latifolia and P. australis) and unplanted units in the first 17 months of operation, when the systems were subject to the same wastewater at HLRs of 3 and 6 cm d À1 . It is interesting to note that although the FMR (U1) and the unvegetated control (Uc) units had been in operation for 17 months previous to this study without showing significant differences in terms of COD removal, the FNR unit (U3) showed significant differences from the unplanted unit from the start of operation. However U3 has a different type of substrate, which can also contribute to this fact. Mbuligwe (2005) stated that planted units with cattail and cocoyam outperformed a control unit, in terms of COD removal, by 17.5-21.7%, although the organic loadings (105 kg ha À1 d À1 ) and time of operation were much lower than in the present study. The removal efficiencies presented in this study may be compared with the results of Calheiros et al. (2007) , who reported percentages from 54% up to 73% for a HLR of 6 cm d À1 using tannery wastewater from the same origin. Kucuk et al. (2003) applied real tannery wastewater to a horizontal subsurface flow constructed wetland and reported that the higher removal performance achieved was 30% (COD effluent = 210 mg L À1 ) with a hydraulic retention time of 8 days.
When operating at a HLR 6 cm d À1 (during approximately 23 months) the season factor did not provoke significant differences in COD removal. It can be inferred that the temperature variation between seasons, at this location, does not affect the performance of the CWUs in terms of COD removal. These results agree with those of Vymazal (2001) who refer to the fact that removal of organics (COD and BOD 5 ) was not influenced by the season, based on operational systems in Czech Republic. Calheiros et al. (2007) reported that for five CWUs and one unvegetated control COD removal was not significant affected by the time of the year when a HLR of 3 cm d À1 was applied. Stein and Hook (2005) refer that high carbon loading and continuous flow operation likely restrain seasonal and plant effects through maintenance of a continuously high oxygen demand in the root zone and limiting development of oxidizing conditions. Also, the consequences of seasonal and plant-species effects depend on wastewater composition. Moreover, physiological responses to temperature differ among plant species as does the temperature dependence of growth (Madsen and Brix, 1997) . Concerning the starvation periods, the treatment efficiency was resumed when the systems restarted, effect also reported by other authors (Daniels, 2001) .
BOD 5 removal may be compared with that achieved in Calheiros et al. (2007) , who reported removals ranging between 41% and 58% for a HLR of 6 cm d À1 . Vymazal (2001) reported an average BOD 5 removal efficiency from domestic wastewater (considering 23 systems) of 83 ± 14% with a final effluent concentration of 11 ± 10 mg L À1 . IULTCS (2004) refers a typical performance for the CWs applied to tannery wastewater treatment, after primary treatment, of 70-80% (300-400 mg L À1 ) in terms of COD and of 85-95% (60-100 mg L À1 ) for BOD 5 . In horizontal subsurface flow wetlands the settable organics are removed from the wastewater by filtration and deposition (Vymazal, 2001 ). The removal efficiencies may range between 80% and 90% (Kadlec et al., 2000) . In the present study the removal achieved was between 41% and 93%, varying to some extent with the mass loading. Particulate matter constitute a significant fraction of the organic matter entering in wastewater treatment plants and the removal processes will not only reduce overall amount of organic matter but also modify the chemical composition of the remaining organic matter (Sophonsiri and Morgenroth, 2004) .
The variation in NH 3 and NO À 3 suggests that the nitrification and denitrification process would occur simultaneously. The oxygenation in the ryzosphere is not sufficient for a complete nitrification to take place causing a limitation for nitrogen removal (Kadlec et al., 2000) . Although horizontal subsurface flow is considered adequate for organic removal, nutrient removal is lower but comparable to the treatment efficiency of conventional treatments without a special regime for nutrient removal (Kadlec et al., 2000; USEPA, 2000) . The phosphorus removal was low but in subsurface wetlands this happens unless the substrate chosen has a high phosphorus binding capacity (Kadlec et al., 2000) .
The low chromium level in the wastewater is due to the fact that the facility that supplies the tannery wastewater treatment plant does not use chromium in high amounts and when enters the CWUs that has been removed in the previous physico-chemical operation. and the outflow between 0.32 and 21.7 kg ha À1 d À1 . The tendency of the organic removal increase with higher loading is a behavior reported in other studies (Vymazal, 2001; Mbuligwe, 2005; Calheiros et al., 2007) . The wetland performance is commonly summarized by regression equations and first-order models (Kadlec et al., 2000) .
According to the data from this study the three substrates provided a good platform for T. latifolia establishment being the expanded clay aggregates more successful than sand, and allowing a higher removal efficiency especially for organics. Scholz and Xu (2002) compared several substrates packed in different order (gravel, sand, granular activated carbon, charcoal and Filtralite), in vertical flow wetlands, and reported no significant performance increases in lead, copper and BOD 5 reduction, during the set-up phase of 10 months. Furthermore, the presence of macrophytes did not lead to a higher removal performance for the same parameters tested at a laboratory scale. Khatiwada and Pradhan (2006) reported that no significant effect of media size was verified for BOD removal but a significant relation between media size (sand, pebbles and gravel) and the performance of CW in removing COD, -N, both in horizontal and vertical flow wetlands, was found. However besides the media size, the bed depth and the root depth were also found to have significant effect on performance of CW.
The experimental results indicate that an HLR of 6 cm d À1 ensures a quite stable and considerably high removal of organics during different seasons. As the HLR increased the removal efficiency decreased, although the organic mass removal at an HLR of 6 cm d À1 was similar to that at an HLR of 8 cm d
À1 , which indicates that HLRs of up to 8 cm d À1 may be adequate for this system. However, the fact that the system operated for different time periods for each HLR counteracts for a fair comparison.
This study further suggests constructed wetlands as a feasible option for tannery wastewater treatment especially when organics removal is set as target, although there are still needs for proper data on field scale studies applied to tannery industry with physico-chemical and microbiological evaluations.
-The Freundlich isotherm model was found to provide a good prediction for the sorption of organic matter into the three substrates (Filtralite Ò MR3-8, Filtralite Ò NR3-8, and fine gravel), although their adsorption capacity is low. -The three substrates were adequate for T. latifolia development although there was higher propagation and organic removal for the expanded clay aggregates when compared to the fine gravel. COD and BOD 5 removals up to 82% (789 kg ha À1 d À1 ) and 69% (258 kg ha À1 d À1 ), respectively, were achieved in the expanded clay units. -Overall, the expanded clay aggregates planted with T. latifolia demonstrated significant higher percentage removals in terms of COD and BOD 5 when compared with the unplanted unit after long-term operation. -The treatment efficiency, especially for organics, was considered satisfactory, having in consideration the complexity of the wastewater tested, since it was possible to load the constructed wetlands at higher rates than the recommended in the literature. 
